The measurement of broadband ultrasound attenuation describes the linear increase in ultrasound attenuation with frequency (dB/MHz); this is generally performed at the calcaneus, consisting of a high proportion of metabolically active cancellous bone. Although broadband ultrasound attenuation is not routinely implemented within clinical management since it cannot provide a reliable estimation of bone mineral density and hence clinical definition of osteopenia and osteoporosis, it offers a reliable means to predict osteoporotic fracture risk. One of the potential factors that can influence the accuracy of broadband ultrasound attenuation measurement is the effect of cortical end plates. This study aimed to explore this, performing a comparison of experimental study and computer simulation prediction. A total of three categories of thin discs were three-dimensional (3D) printed to replicate cortical shells of (1) variable constant thickness (planar), (2) variable constant thickness (curved), and (3) variable thickness. A through-transmission technique was used, where two single-element, unfocused, 1 MHz broadband transducers, as utilised clinically, were positioned coaxially in a cylindrical holder and immersed in water. Both quantitative and qualitative analyses demonstrated that broadband ultrasound attenuation measurements of the 'planar' and 'curved' discs were not statistically different (p-values . 0.01). A cyclic relationship between broadband ultrasound attenuation and disc thickness was observed; this was replicated within a computer simulation of phase interference created by a double-reflection echo within each disc (R 2 = 97.0%). Variable-thickness discs provided broadband ultrasound attenuation measurements ranging between 31.6 6 0.1 and 40.60 6 0.1 dB/MHz. Again applying the double-reflection echo simulation, a high level of agreement between experimental and simulation was recorded (R 2 = 93.4%). This study indicates that the cortical end plate can significantly affect the broadband ultrasound attenuation measurement of cancellous bone as a result of phase interference and, therefore, warrants further investigation to minimise its effect on clinical assessment.
Introduction
Osteoporosis is considered to be a metabolic bone disease that threatens public health through fractures, particularly at the hip in elderly populations. It results from an imbalance of bone remodelling leading to a net loss of bone tissue and structural integrity. Although there is no complete cure for this disease, through the development of diagnosis technologies, the prediction of fracture risk at early stages has become more 1 accurate. The established clinical assessment method is a measure of bone mineral density (BMD) using dualenergy X-ray absorptiometry (DXA), from which World Health Organization (WHO) T-Score criteria may be applied to define a subject as being normal, osteopenic (mild osteoporosis), or osteoporotic. 1 However, DXA provides an areal measure of bone density (g/cm 2 ) being independent of bone structure, which is considered as an important factor for determining bone strength. Langton et al. were the first to demonstrate the clinical utility of ultrasound to evaluate osteoporosis, discriminating between subjects who had, and had not, suffered a hip fracture. They reported the measurement of broadband ultrasound attenuation (BUA), describing the linear increase in ultrasound attenuation with frequency (dB/MHz) at the calcaneus, consisting of a high proportion of metabolically active cancellous bone. 2 This development, that led to the alternative technology called quantitative ultrasound (QUS), being non-ionising, relatively low cost, and portable. 3 However, there is still a lack of fundamental understanding of the dependence of BUA on bone density and structure. Hence, although BUA provides a reliable prediction of fracture risk, it is not routinely implemented within clinical management since it cannot provide a clinical definition of osteopenia and osteoporosis based on estimation of bone mineral density.
A significant potential source of error affecting BUA measurement is phase interference, created when two (or more) sonic rays of differing transit time (TT) are concurrently detected at the receive ultrasound transducer. There are two extremes of phase interference: constructive (when the sonic rays are in-phase and their amplitudes are summed) and destructive (when the sonic rays are out of phase and their amplitudes are subtracted). 4 Partial destructive, often termed phase cancellation, was first investigated by Petley et al., 5 comparing measurements of calcaneal BUA in vivo using both phase-sensitive (PS; where the receive transducer is sensitive to the relative phase of the sonic rays) and phase-insensitive (PI; where the receive transducer is insensitive to the relative phase of the sonic rays) measurements. They reported PS-BUA was 31.2 dB/ MHz lower than PI-BUA, assumed to be related to destructive phase interference. 5 However, Strelitzki et al. 6 found that PS-BUA was greater than PI-BUA by approximately 4.3 dB/MHz in an in vitro study using 10 human os calces. Wear 7 investigated the effect of phase cancellation on BUA measurement, utilising a two-dimensional (2D) ultrasound receiver array; PS-BUA measurements were again greater than PI-BUA, by about 15 dB/MHz. Cheng et al. 8 studied the relationship between receiver aperture size and BUA value, measuring 54 trabecular bone specimens; the two most important findings were that (1) immunity to phase cancellation was higher in PI-nBUA (BUA normalised by sample thickness) than in PS-nBUA by 8.1% and (2) as the receiver aperture size equalled at least the transmitter size, more propagated ultrasound waves could be detected.
In 1996, Langton et al. first investigated the effect of cortical end plates on BUA measurement of the calcaneus. In total, 20 bones were modified into four different levels of tissue modification: (1) whole bone, (2) core sample extracted, (3) cancellous, cortical end plates removed, and (4) de-fatted sample. They reported that the existence of a calcaneal cortical end plate (whole and core samples) caused a significant nBUA of approximately 7 dB/MHz/cm, which could not be explained by ultrasound absorption; a 1 mm thick cortex would only vary a BUA measurement by approximately 0.1 dB/MHz/cm, being significantly lower than observed. The authors suggested that the source of the BUA difference (whole and core) versus (cancellous and de-fatted) was phase cancellation due to the curvature of the cortex. 9 Langton and Subhan 10 in 2001 reported a comparison of experimental measurement and computer simulation in acrylic models, again suggesting that the potential source of BUA artefact was phase cancellation due to curvature of cortical end plates. In 2005, Xia et al. 11 compared experimental measurements of 18 cadaver calcanei with a theoretical model, suggesting that the cortical end plate may significantly affect the BUA measurement value by serving as a thickness-dependent modulator of the sound intensity.
In 2011, Langton proposed that ultrasound propagation through cancellous bone may be considered as an array of parallel sonic rays, the TT of each determined by the corresponding proportion of bone and marrow, ranging from t min in entire bone tissue to t max in entire marrow. Langton also suggested that the primary BUA mechanism is related to phase interference, caused by inhomogeneity of the TTs of sonic rays as detected at the PS transducer surface. 12 This concept led to the development of ultrasound transit time spectroscopy (UTTS) that has been validated by several studies including estimation of solid volume fraction. [13] [14] [15] [16] [17] We hypothesised that the cortical end plate would significantly influence BUA measurement due to variation in cortex thickness, thereby creating significant phase interference due to TT inhomogeneity and not curvature of the cortex per se as previously suggested. 10 We studied three categories of 3D-printed replica cortex discs: (1) variable constant thickness (planar); (2) variable curvature, variable constant thickness (curved); and (3) variable thickness (step-wedge).
Materials and methods

Samples
A previously micro-computed tomography (mCT)-scanned iliac crest bone sample (serving as the cancellous bone replica; Figure 1 ) and replica cortex discs were 3D printed (3D-Systems VisiJet M3 Crystal). The ultrasound velocity, density, and attenuation coefficient of the 3D-printed material were experimentally measured as 2380 6 7.6 m/s, 1185 kg/ m 3 and 33.3 6 0.3 N/pm, respectively, which were used in the computer simulation programme. Since this article concentrates on the effect of cortical plates, incorporation of only one replica cancellous bone sample minimised the influence of other variables. Noting that the magnitude of phase interference is inherently dependent on the TT difference of two (or more) sonic rays, this may be transposed into a dependence on corresponding number of wavelengths (l). Constructive interference occurs at a sonic ray difference of nl, destructive interference at (n + 1/2)l, where n is an integer. The thickness of the replica cortical discs was, therefore, expressed in units of wavelength for the disc material, calculated by division of ultrasound velocity and ultrasound frequency: Category 1 (planar/group 1) discs were of constant thickness, being l/4, l/3, l/2, 2l/3, 3l/4, l, 1.25l and 1.4l. Category 2 discs (curved) were subdivided into four groups (2-5) representing radii of 75, 55, 35, and 20 mm, respectively. Category 3 (variable-thickness step-wedge/group 6) discs incorporated four different thicknesses.
The diameter of all 3D-printed models (cancellous replica and discs) was 19.05 mm (3/4 in), thereby matching the active element of the ultrasound transducer. The design of the six groups is shown in Figure 2 , with category 3 (group 6) models shown in Figure 3 .
Experimental set-up
A through-transmission technique was used, where two single-element, 3/4-in-diameter, broadband 1 MHz ultrasound transducers (Harisonics I7-0112-G; Olympus NDT, Waltham, MA), as utilised clinically, were positioned coaxially in a cylindrical holder in a water tank. The transmitting transducer was connected to a spike generator (Panametrics PR5058 pulser-receiver), while the receive transducer was connected to a 14-bit digitiser card operating at a 50 MHz digitisation rate (NI PCI5122; National Instruments, Austin, TX). Amplitude-time ultrasound signals were displayed (NI SignalExpress; National Instruments) and saved for subsequent analysis. Figure 4 shows the experimental set-up illustrating the positions of the core and disc samples.
BUA measurement
A reference trace (A r ) was obtained by recording the ultrasound signal through water only. This signal also served as the input signal for the computer simulations. Sample traces (A s ) were recorded, consistently using the cancellous bone replica model along with each of the replica cortex discs. A fast Fourier transform (FFT) was then applied (MathWorks, Inc., Natick, MA) to both reference and sample signals to convert from time domain into the frequency domain. At each frequency (f), the ultrasound attenuation was calculated by the standard formula where A r (f) and A s (f) are the reference (water) and sample signals, respectively, at a given frequency. The attenuation (dB) was plotted against the frequency (f), and the slope between 0.2 and 0.6 MHz calculated as the conventional BUA value (dB/MHz). This was replicated for each replica cortex disc, each experiment repeated five times.
Computer simulation
Planar replica cortex discs. It was hypothesised that two waves of differing TT were detected for each replica cortex disc (category 1), as illustrated in Figure 5 . The first wave is the through-transmission (wave 1), directly from transmit to receive transducer. The second wave is a 'double-reflection echo' created within each disc (wave 2), being of longer TT than the 'through-transmission' wave. The thickness of the replica cortex disc (x) determines the time delay between these two waves (Dt), given as 2x/v, where v is the ultrasound velocity through the 3D-printed material. Noting that phase interference occurs when the TT difference is less than the propagating ultrasonic pulse length (PL), the probability of phase interference occurring between these two waves is inversely proportional to the disc thickness.
This hypothesis was tested by computer simulation using a custom-written MATLAB programme (MathWorks Inc., Natick, MA). The reference (A r ) and experimental signals through the cancellous bone replica core were incorporated within the simulation. The TT of the through-transmission wave within the replica cortex disc is given as (TT wave1 = x/v); the double-reflection echo TT within the disc is, therefore, (TT wave2 = 3x/v) since the wave will be additionally propagated twice through the disc. Considering a constant TT through the core sample and water, the total transit time (TTT) for the two waves was then calculated as
The overall signal amplitudes of wave 1 and wave 2 were incorporated within the computer simulation, considering propagation factors of (1) absorption, (2) transmission coefficient (TC), and (3) reflection coefficient (RC) as shown in Figure 5 .
Absorption was calculated from the standard equation (A x = A 0 exp Àmx ), where A 0 and A x are signal amplitudes at distance of zero and x, respectively, where x is the disc thickness, and m is the attenuation coefficient of the VisiJet M3 Crystal material, which was experimentally measured to be 33.3 6 0.3 Np/m (289 6 2.6 dB/m). Reflection and transmission amplitude coefficients (RC and TC): When an ultrasound wave encounters a flat perpendicular interface, some of its energy passes, while the remainder is reflected. The dissimilarity of acoustic impedance (Z = density (kg/m 3 ) 3 velocity (m/s)) between the two media determines the amplitude of reflected and transmitted signals; the greater the difference in Z, the more reflection and the less transmission and vice versa.
Amplitude RC
Amplitude TC
where Z w and Z d are the acoustic impedances for water and replica cortex disc, being 1. 
The summation of equations (8) and (9) represents the overall replica cortex disc signal. BUA was then calculated for the simulated disc signals for the eight constant thicknesses planar discs (category 1).
Variable-thickness step-wedge replica cortex discs. In addition to the reflection and transmission amplitude coefficients (RC and TC), we may introduce two important terms: 'relative absorption' and 'relative area' when describing variable-thickness step-wedge replica cortex discs:
Relative absorption: For consideration of category 3 (variable-thickness step-wedge discs), we may describe individual absorption components (a 1 , a 2 , a 3 , and a 4 ) for each variable-thickness step using the previously described standard equation. Relative area: Since the receive ultrasound aperture is circular, the corresponding reception area (A) for each wedge step may be calculated utilising circular segment equations
where R is the disc radius, h is the height of segment, and u is the angle, which the segment subtends. Hence, the simulated signals for the nth (where n = 1-4) wedge step of each variable-thickness step-wedge disc may be given as Simulated wave 1 n = experimental core signalÁ
Simulated wave 2 n = experimental core signalÁ
The summation of equations (12) and (13) for all four wedge steps provides the overall simulated output signal for a given variable-thickness disc, from which simulated BUA was calculated.
Results and discussion
The ultrasound velocities through water and the VisiJet M3 Crystal material were experimentally measured at 21.3°C, being 1486 and 2380 6 7.6 m/s, respectively, using Lubbers and Graaff's formula, 18 from which the nominal ultrasound wavelength at 1 MHz was calculated to be 2.4 mm.
In the present in vitro study, the effect of cortical end plates on the accuracy of calcaneal BUA measurement was investigated using a set of 3D-printed replica cortex discs. The results are divided into two sections: (1) planar (category 1/group 1) and curved (category 2/ groups 2-5) discs and (2) variable-thickness (category 3/group 6) discs.
Comparison between BUA measurements of planar and curved replica cortex discs
Qualitative comparison. Figure 6 shows a comparison of ultrasound attenuation-frequency spectra for each of the eight constant thickness (l/4, l/3, l/2, 2l/3, 3l/4, l, 1.25l and 1.4 l) replica cortex discs; hence each plot compares five discs of different shape characteristic but equal thickness.
It may be observed that there is a high degree of agreement between the detailed format of the five attenuation plots for each of the eight replica cortex disc thicknesses. Of particular note is the agreement between planar and curved discs, from which we may conclude that the shape of the cortical end plate does not have a significant effect on attenuation and hence calcaneal BUA measurements. Plots in Figure 6 show very slight differences between bulk attenuation (absorption) values, and this is further evidence that the primary attenuation mechanism associated with BUA is phase interference, not absorption.
Quantitative comparison. Figure 7 shows quantitative comparisons of calculated BUA values for planar and curved discs of the same thickness. Note that the BUA for the cancellous bone replica core alone, defined as being of zero cortex thickness, was 32.41 dB/MHz. One-way analysis of variance (ANOVA) was used to determine whether the BUA values of planar and curved discs, of the same thickness, were significantly different. Statistical analysis is shown in Table 1 , indicating that there were no significant differences within all disc groups (p-values . 0.01); again demonstrating that the effect of the curvature of the cortical end plate shells on BUA measurement is negligible. Figure 6 . Qualitative comparisons between ultrasound attenuation spectra for the eight planar and curved discs.
Thus, both qualitative and quantitative results indicate that different shapes of cortical shells, with identical thicknesses, would provide the same BUA 'artefact' value for calcaneal BUA measurement.
Interestingly, Figure 7 shows that the relationship between the cortex disc thickness and BUA value is cyclic. Simulated BUA values derived by the computer simulation are plotted against their corresponding experimental BUA values in Figure 8 , providing a coefficient of determination (R 2 ) of 97.0%, further supporting the validity of our hypothesis that the primary source of the cyclic behaviour of BUA with disc thickness is phase interference between through-transmission signal and double-echo signals within each disc. Furthermore, Figure 7 indicates that the cortical thicknesses of l/4, l/3, l/2, 1.25l and 1.4l caused high BUA measurements ( . 32.41 dB/MHz), assumed to be related to destructive phase interference, while cortical thicknesses of 2l/3, 3l/4, and l caused low BUA measurements ( \ 32.41 dB/MHz), assumed to be related to constructive phase interference.
Our double-reflection echo phase-interference hypothesis was further tested using computer simulation by calculating BUA over a range of disc thicknesses from 0.1 to 10 mm, in increments of 0.05 mm; the data are shown in Figure 9 . We may consider the experimental signal obtained from the core sample alone, as implemented within the computer simulations, to consist of both a primary through-transmission signal and a secondary signal created by multiple double-reflection echoes emanating from the trabecular structure of the core sample, as indicated in Figure 10 .
Phase interference occurs when the TT difference between two signals, for example, the throughtransmission signal and double-reflection echo, is less than the PL, which was experimentally measured to be 3.1 ms. The disc thickness corresponding to this TT difference may be calculated from the expression d = PL Á v=2, equating to 3.7 mm. Significant phase interference, and hence BUA artefact, may occur for replica cortex discs of thickness ranging from 0.1 to 3.7 mm, shown as region A within Figure 9 . Figure 11 (a) Figure 10 . Experimental core sample signal indicating primary signal (through-transmission) and secondary signals emanating from double-reflection echoes within the trabecular structure. and (b) demonstrates two examples where phase interferences occur within the primary signal, corresponding to replica cortex discs of 1 and 2 mm thickness, respectively. Beyond a thickness of 3.7 mm, shown in Figure  9 -region B, when TT difference is greater than PL (Dt . PL), phase interference does not occur, resulting in lower BUA values as expected, as shown in Figure  11 (c) and (d) for replica cortex disc thickness of 4 and 10 mm respectively, being two examples where phase interferences occurred in the secondary signal.
We may conclude from these computer simulations that a significant BUA artefact may occur due to double-reflection echoes within replica cortex discs whose thickness corresponds to a TT difference with the through-transmission sonic ray that is less than the propagating ultrasound PL (Figure 12 ).
BUA measurements of variable-thickness step-wedge replica cortex discs Figure 13 shows experimental and computer simulation BUA measurement values for the 4-thickness step-wedge discs (category 3; Figure 3 ), where phase interference occurs if the TT difference between sonic rays, corresponding to different thicknesses, is less than the propagating ultrasound PL of 3.1 ms (Figure 14 ). An arrow at 3.1 ms arrow is also indicated in Figure 14 , corresponding to the length of the propagating ultrasound pulse and hence the phase-interference window; note that the differences between all throughtransmission and double-reflection echoes are within the phase-interference window.
BUA values ranging between 31.6 6 0.1 and 40.60 6 0.12 dB/MHz were obtained for the samples considered within this study. The high level of agreement between experimental measurement and computer simulation prediction, shown in Figure 15 , with an R 2 of 93.4%, further supports the hypothesis that the existence of phase inference between two (or more) sonic rays propagating through a variable-thickness step-wedge disc primarily determines the magnitude of the BUA artefact. This phenomenon is potentially more complex in these variable-thickness step-wedge discs since there are eight sonic ray TTs, with the potential for interaction between (1) two through-transmission sonic rays, (2) a through-transmission sonic ray and a double-reflection echo sonic ray, and (3) between two double-reflection echo sonic rays. Hence, determining the specific source of phase interferences would potentially be difficult.
In regard to Langton and Subhan's 10 study, it can be observed that although the samples used were curved, they did not exhibit uniform thicknesses ( Figure 16 ). It is, therefore, suggested that the BUA artefacts described within their article resulted from a variation in sample thicknesses related to sample curvature rather than being directly related to sample curvature as proposed.
With respect to limitations of this study, the ultrasound velocity of 2380 m/s for the 3D-printed material, VisiJet M3 Crystal, was lower than that for natural bone tissue (2900 m/s); 19 however, it is still significantly higher than for marrow-replicating water. Hence, a comparable acoustic impedance mismatch exists, resulting in RCs of 0.31 and 0.53 for Visijet/water and bone/ marrow, respectively. Further noting that the propagating wavelengths would be different for Visijet and bone tissue, being 2.38 and 2.9 mm, respectively, at 1 MHz; it is considered that the underlying concepts described within this article remain valid. Replica cortex discs of inter-variable thickness (constant within a given disc), and intra-variable thickness (variable within a given disc) were created in a controlled manner, noting that they did not exactly exhibit the variable-thickness profile of a natural tissue cortical shell. Furthermore, water was used to replicate all the soft tissues that would be present in vivo.
Future work could investigate the potential to predict the effect of the cortical shell on the measurement Figure 12 . A plot of transit times for four different thicknesses of planar replica cortex discs, with an indication (black arrows) of the 3.1 ms pulse length. Figure 13 . BUA measurements (mean 6 SD) for the variablethickness discs (category 3).
of BUA, potentially utilising the concept of pulse-echo ultrasound transit time spectroscopy (PE-UTTS) 15 to provide, for example, a histogram of thickness.
Furthermore, this article considered only the effect of the cortical plates on BUA measurement. Although we do not envisage that phase velocity will change significantly over the BUA frequency range (0.2-0.6 MHz), this could be investigated in the future.
Conclusion
The main aim of this study was to investigate the effect of the cortical end plate on BUA measurement at the calcaneus as a potential error source affecting accuracy. Experimental measurement and computer simulation prediction were performed on replica cortex discs representing changes in both shape and thickness. There are three significant findings. First, qualitative and quantitative comparisons evidenced that BUA measurements of planar and curved discs of the same thickness were not statistically different, which suggests that the shape of the cortical end plate itself does not significantly influence the BUA value. Second, through application of a computer simulation, a cyclic pattern between BUA values and disc thicknesses was observed and explained as a result of phase interference due to difference in TT of different sonic rays, emanating from through-transmission signal and a double-reflection echo. Third, variable-thickness discs provided experimental BUA measurements that were again in agreement with computer simulation utilising the doublereflection echo concept, providing an R 2 of 93.4%. This study supports the hypothesis that significant BUA artefacts may be created due to phase interference as a result of TT heterogeneity of sonic rays propagating through the cortical end plates of the calcaneus. Finally, exploring the influence of the cortical end plate on ultrasound propagation through bone will enhance our understanding of the BUA mechanism, thereby facilitating the potential for improved ultrasound assessment of osteoporosis.
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